Connexin (Cx) hemichannels controlling an exchange of ions and metabolites between the cytoplasm and extracellular milieu can be modulated by the variation of intracellular pH during physiological and pathological conditions. To address the mechanism by which the pH exerts its effect on hemichannels, we have performed two 100-ns molecular dynamics simulations of the Cx26 channel in both acidic and neutral states. The results show that: 1) transmembrane domains undergo clockwise motions around the pore axis under both acidic and neutral conditions, while extracellular segments keep stable. 2) Under neutral condition, Cx26 has a tightly closed configuration that occurs through the assembly of N-terminal helix (NTH) region. This shows a constriction formed by the interhelical interactions of Asp2 and Met1 from neighboring NTH, which shapes the narrowest segment (pore radius b 2 Å) of the pore, preventing the passage of ions from the extracellular side. This indicates that Asp2 may act as a channel gate. 3) Under the acidic condition, the constriction is relieved by the protonation of Asp2 causing interruption of interhelical interactions, Cx26 has a flexibly opening pore (pore radius > 4.5 Å) around NTH region, allowing the passage of chloride ions unimpeded by the side-chain Asp2. While in the extracellular part two chloride ions interact with the side-chain Lys41 from three subunits. Finally, we provide a plausible mechanism of pH-dependent gating of hemichannel that involves protonation of the aspartic residues, suggesting that the pH sensitivity of hemichannel permeability is a sophisticated mechanism for cell regulating ion permeation.
Introduction
Intracellular pH (pH i ) varies under different physiological and pathological conditions. Modest fluctuations in pH i can arise during physiological cellular activity such as changes of neuronal activity or the resting potential [1] , and larger fluctuations occur under pathological conditions such as hypoxia, or ischemia [2, 3] . In recent decades, the variation of pH values has been regarded as a fundamental determinant of intercellular electrical and metabolic communication mediated by gap junctions (GJs) and paracrine signaling through nonjunctional/unopposed hemichannels [4] .
GJs are ubiquitous membrane components of higher organisms that allow the ions and small molecules under~1.0 kilodaltons (kDa) to be transferred between the cytoplasm of adjacent cells and thus greatly influence homeostasis, development and other cellular processes (for comprehensive reviews, see [5, 6] ). Each GJ channel is formed by the end-to-end non-covalent docking of two hemichannels, also known as connexons [7] , each composed of six connexin protomers and supplied by one of the two adjacent cells. At present, more than 20 types of connexins have been identified in mammals [8] , which are commonly designated with numerical suffixes referring to the molecular weight of the deduced sequence in kDa (e.g., connexin26 or Cx26 has a mass of 26 kDa) [9] .
On the molecular scale, substantial efforts have been devoted to understanding the mechanical properties of pH-dependent modulation of hemichannels [10] [11] [12] . The crystal structure of the gap junction channel has shown a donut like structure, which is comprised of [9] an N-terminal helix (NTH), four transmembrane (TM) segments (designated TM1 to TM4), and two extracellular loops (E1 and E2) as well as a variable portion consisting of the cytoplasmic loop (CL) (Fig. 1) . Several domains in the CL and carboxy terminal (CT) domains of Cx43 seem to be involved in pH-dependent gating [10] [11] [12] . Especially, mutations of His residues in the CL of this protein significantly affect pH sensitivity, suggesting that protonation of these residues may be important in the pH-dependent GJs [13] . In Cx32, charge interactions within CL, as well as between CL and the proximal portion of CT, have been suggested to be responsible for pH sensitivity [14] . The pH-dependent interaction between the gap junction and the other cytoplasmic proteins may play an important role in the remodeling of gap junctions and in protection from lesion spread after local ischemic injury [15] . Although multiple domains of the connexin polypeptides contribute to the biophysical properties of gap junction channels and hemichannels, several of the amino acids within the NT have important roles in voltage-dependent gating, unitary conductance, and permeability (reviewed by [16] ). The NT segment of the structure possesses sixfold rotational symmetry, with the channel pore is very constricted near Asp2 which probably serves as plugs blocking the channel [9] . This structure suggests that physical blockage by a plug is an essential part of a gating mechanism and is consistent with the physiological studies that each connexon can regulate its activity autonomously [17, 18] . This concept is supported by recent electron microscopy studies that showed a prominent density in the center of the pore in Cx26 [19] , which was decreased in the N-terminal deletion mutant Cx26 (Met34Ala-del2-7) [20] . Furthermore, many mutations identified in all domains of the connexin polypeptide, particularly in the NT region (residues 1 to 22) of connexins, have been associated with a variety of inherited pathologies including sensorineural deafness (non-syndromic and syndromic, especially associated with skin diseases), X-linked Charcot-Marie-Tooth disease, cataracts, oculodentodigital dysplasia, and keratodermas (reviewed in [16] ).
Several particularly interesting questions arise from these strong cell biological, biochemical, and biophysical evidences: What are the mechanisms of pH modulation on GJs? What conformational changes in connexons will occur, thus facilitating ions or metabolites transfer from one cell to another, and regulating intracellular signaling? To address these, one needs first to understand the molecular basis of channel gating by identifying connexin domains relevant to gating, evaluating the likely participation of accessory molecules, and probing gating by pharmacological, genetic and theoretical tools. Since the molecular mechanisms that underlie this modulation of connexin channel activity may differ among connexin isoforms, here, we characterize pH-dependent modulation of Cx26, the second-smallest member of the conserved mammalian gap junction protein family, by performing a 100-ns all-atom molecular dynamics (MD) simulation of the Cx26 in an explicit solvent-membrane context at neutral pH (pH = 7). In parallel, we also examine the protein in a lower pH value (pH = 4), by setting the charges of the ionizable residues of the channel to their standard state at acidic pH. The results suggest that the channel can switch between two distinct states of its Nterminal segment with either open ends in acidic pH or closed ends in neutral pH, a process that forms the basis for cellular protection.
Results and discussion
Recently, several MD simulations of large membrane proteins including the rhodopsin (~43,000 atoms) [21] , the β2-adrenergic receptor (~99,000 atoms) [22] , the integral Kv1.2 ion channel (~120,000 atoms) [23] and the Gloeobacter violaceus receptor (~200,000 atoms) [24] have been carried out. Here, much larger systems of the fully hydrated membrane-inserted hemichannel Cx26 comprising~300,000 atoms in both neutral and acidic pHs have been simulated for 100 ns, respectively.
Dynamics of the hemichannel in both neutral and acidic states
The overall drift of Cx26 from the initial structure provides a measure of the conformational stability of this protein in a membrane environment. Drift can be simply characterized by the Cα coordinate root mean square displacement (RMSD) relative to the starting (crystal) structure. In the course of the MD simulation performed on the Cx26 model in the neutral state, the RMSD of the whole connexon rapidly increases during the initial 20 ns of the simulation, and then stabilizes at~4.4 Å ( Fig. 2A ). The final RMSD values for the TM region ( Fig. 2A ) range from 2 to 3.8 Å for individual connexins, indicative of a very stable behavior. The differences between the RMSDs calculated over the TM segments of the connexon and those of the separated connexins suggest that the structure of the helix bundles is still stable whereas the protein quaternary structure undergoes global rearrangement during the simulation time. For the acidic state, the steady-state RMSD of the whole connexon (TM segments) (~3.9 Å) is a little lower than the values observed in the neutral state, indicative of a relatively smaller global rearrangement of protein quaternary structure. Considering the conformational rearrangement of Cx26 in both acidic and neutral conditions, we are interested in further examination and comparison of the magnitude of the conformational fluctuations in different regions of the structure in two states. To guarantee that calculated parameters reflect the intrinsic properties of each system, the analyses of MD trajectories have been performed by discarding the first 30 ns for all simulations. The Cα root mean square fluctuations (RMSFs) around the average structure of each protomer from the last 70 ns simulation are calculated. In Fig. 3B , the Cα RMSFs are shown as a function of residue number for each protomer of Cx26, and compared with the equivalent RMSFs derived from the average B-factors. The residue RMSF values well reproduce the crystallographic B-factors. While the α-helices and the β-strands have, in the simulations, significantly lower fluctuations than the equivalent RMSFs derived from the B-factors. This probably reflects some contribution of static crystal disorder (e.g., mosaicity) to the Bfactors as well as undersampling of long-timescale motions of the channel [25] . Such an interpretation is supported by recent simulations of the small outer membrane protein OmpT in a crystal versus a bilayer environment [26] .
The RMSF values show that all six protomers in each of both models exhibit virtually identical patterns, with the high fluctuations (~5 Å) being seen in the CL and C-terminal regions and the lowest fluctuations (~1 Å) in the transmembrane helices (NTH, TM1 to TM4). As the former is oriented away from the rest of the protein, toward the surrounding cytosol, they are expected to show the greatest mobility. In line, this region shows weak electron density in the crystal structure of Cx26, suggesting a substantial degree of flexibility [9] . The latter remains relatively invariant because they are stabilized by dipole-dipole interactions of the antiparallel helices (details in Section 2.2) and the intra-protomer interactions including three disulphide bonds (Cys53-Cys180, Cys60-Cys174, Cys64-Cys169) in the extracellular part of the transmembrane region. Notably, the regions located "behind" the NTH in the threedimensional structure (Fig. 1C , the intramembrane part of the TM1 and TM2 of the six protomers) form the inner wall of the pore, showing remarkably stability (~0.8 Å) throughout the simulation in the neutral and acidic conditions. Compared with the TM1 and TM2, the NTHs (residues 1-11) have relative higher fluctuations (~1.1 Å), which are probably induced by the flexible loop (~2 Å) connecting the NTH to TM1 ( Fig. 3) , indicating that the NTHs are the relative mobile domains in the structure. This finding agrees with an NMR solution structure of an N-terminal peptide of Cx26, which showed that the loop connecting the NTH to TM1 is very flexible [27] . Thus the geometrical constraints of inner wall, together with the mobile NTHs, will be the key determinants of the molecular permeability to larger solutes, including key metabolites and second messengers [28] .
Although both models have similar RMSF patterns, there are some differences in the residues that line the pore region including NTH region. At least the first three residues ( 1 Met-Asp-Trp 3 ) ( Fig. 3 ) of NTH in high pH state display smaller fluctuations than those in low pH state (~1 Å for former versus~3 Å for latter). In neutral condition, the decreased flexibility of this region is due to Asp2 residues that have direct and occasionally water-bridged hydrogen-bonding interactions with the Met1 (amine group) from neighboring NTHs (details in Section 2.3), resulting in a rigid conformation for the pore region. It is relevant with these three residues of all six protomers that form the constriction in the pore and are expected to modulate the passage of the substrate to the extracellular side. In the acidic state, the interactions between Asp2 and Met1 from neighboring NTH observed in neutral state are interrupted, thus these three residues of NTH undergo large swinging motions (details in section Section 2.3). The differences of RMSF between the neutral and acidic simulations display that the protonation of Asp2 induces a partial destabilizing effect on the NTH, implying that the N-terminal region of connexins can be activated by chemical factor (i.e., pH) and thus participate in the gating of hemichannel.
Cross correlation analysis
To estimate the correlation between the movement of the subdomains of Cx26 in the neutral and acidic conditions, we have applied cross correlation analysis of the atomic fluctuations for the residues of protein. The correlation coefficients for all possible residue pairs are plotted in Fig. 4 , where a value of − 1 or 1 for a given pair of residues indicates anticorrelated and strongly correlated movement between them respectively, whereas a value of 0 indicates no correlation. In this analysis, only correlations larger than 0.5 are shown for clarity, positive (in-phase) correlations are colored red (strong) and negative (out-of-phase) correlations are colored blue (strong). This allows us to examine interactions within individual connexins and interconnexin interactions between adjacent proteins, respectively. In both systems, six segments representing six connexins can be identified by examining the blue spots along the diagonal with offdiagonal blue areas indicating their interconnections. For each segment, the diagonal values of the matrix correspond to autocorrelation, which is extremely unitary, while the off-diagonal elements represent interactions between distinct residues of the same connexin. High positive correlation (~+0.6) is observed between residues in TM1, TM2, TM3, and TM4, which move in a coupled way. Correlation peaks (~+0.73) indicate strong interactions among residues Arg32 (TM1) with Gln80 (TM2), Glu147 (TM3), and Ser199 (TM4), Arg143 (TM3) with Asn206 (TM4) and Ser139 (TM3). All these residues are correlated by salt bridge interactions and reside in the TM region. Another important correlation peaks (~+0.78) present in hydrophobic core around Trp44 which is formed by Ala39 (TM1), Ala40 (TM1), Val43 (E1) and Ile74 (TM2). These intra-protomer interactions maintain during the whole simulations, contributing to tie helices TM1 to TM4 together in both neutral and acidic states.
Interestingly, correlation is decreased by~0.2 by the Pro87 kink of TM2, indicating that Pro87 could decrease the stiffness of the Cx26 protein, therefore the Pro87Leu mutation probably results in a higher stiffness of the Cx26, leading to a reduced capacity of the structure to adjust its inner motions to the external perturbations. This explains why the Pro87Leu mutation links to an aberrant gating [29] . Furthermore, mutations of three residues to proline, i.e., Leu79Pro, Ser85Pro and Leu90Pro, in TM2 are associated with deafness [30] . These mutations probably induce a structural change in TM2, which would affect the cytoplasmic domains including the NTH.
Compared with the high correlation of the amino acids within one segment which moves together, the inter-segment possessing generally lower correlation indicates weaker interactions between adjacent connexins, the largest peak (~+0.5) is centered on the TM2 (residues 73 to 109), which contacts with the TM1 (residues 21 to 50) and TM4 (residues 185 to 223) of the adjacent connexin. Hence these strong inter-helix coupling motions contribute to tie connexins together. However, the lower degree of correlation (~+0.3) occurs at NTH, whose bulky side chain is completely exposed to the interior of the connexon, suggesting the uncoupling motions of the interior of the connexon. Thus, the swing of any one of the six NTHs would result in subconductance states of the channel, which accords with the study that the conformational change of a single protomer is sufficient to initiate channel gating [31] .
The closed state of Cx26 in the neutral condition
As a further incentive to investigate the global conformational transition of Cx26, we superpose the initial and final inertial axes of the whole hemichannel ( Fig. 5A ) and of the connexin (Fig. 5B ), respectively. As shown in Fig. 5A , the hemichannel undergoes an overall twist movement where TMD rotates clockwise (~4°) and the extracellular domain keeps a relative stable conformation without rotation. While for each connexin, it rotates clockwise around its own axis about 6°. NTHs line the innermost wall of the channel and thus their motions and conformational changes are directly associated with the gating of the Cx26. Upon the propeller twist movement of hemichannel, six Met1 residues show an asymmetric distribution, i.e., three Met1 side chains from C3, C4 and C6 point toward extracellular part of TM2, the rest three point toward cytosol (Fig. 6A) . Inspection of the trajectory reveals that C4 and C5 undergo, in advance of other protomers ( Fig. 2A) , large fluctuations at the cytoplasmic part of the TM2 and TM3 (Figs. 3A and 5A) which would affect the cytoplasmic domains including the NTHs. Thus the NTHs in these protomers protrude into the pore at about 30 ns. The second ensemble of events, which initiates at about 60 ns, mainly affects protomer C3. Meanwhile, NTH of C2 protrudes to the pore in a manner similar to protomers C4 and C5. To better understand these conformational changes, the H-bonding pattern of the residues in NTH is also analyzed since conformational changes are usually associated with alterations in the hydrogen-bonding. When the hemichannel is in the initial conformation (crystal structure), Asp2 establishes hydrogen bonds with the main-chain amide of Thr5 from the adjacent protomer to form a circular girdle, as previously seen in the nicotinic acetylcholine receptor [32] . However, during the MD simulation, these interactions break synchronously (range from 10 ns to 50 ns) due to quaternary reorganization of Cx26 through the rotation of all six protomers over the course of the 100-ns simulations. Alternatively, a more stable hydrogen bond network is university established between Asp2 (carboxyl group) and neighboring Met1 (amine group) ( Fig. 6A ), for example: Asp2(C5) makes hydrogen bonds to Met1(C4) and Met1(C6) respectively, Met1(C3) forms hydrogen bonds to Asp2(C2), and Met1(C5) to Asp2(C4). Occasionally, hydrogen bond between Asp2(C1) and Asp2(C6) is bridged by a water molecule. Once this hydrogen bond network is established, all six NTHs are bundled together, which protrudes into the pore and substantially closes the channel (Fig. 6A ). Combined, these results suggest that the full conformational transition would progress from one protomer to the neighboring one through a "domino-like" process, where a sequence of localized events propagating between neighboring protomers is nested within a global quaternary twist conformational change of the molecule.
To investigate whether the NTH is sufficient to render gating of the hemichannel during these rearrangements, we calculate the pore radius profile averaged over the entire simulation using the "Hole" program [33] , this profile provides an overall measure of the pore radius but taking into account dynamic fluctuations in structure ( Fig. 7) . As for Cx26, the ion permeation pathway consists of the wide extracellular and intracellular vestibules (or entrances), and the narrow transmembrane pore. Considering the conformational fluctuations (represented as error bars) ( Fig. 7) , the overall shape of both vestibules can be considered constant (about 16 Å in diameter). On the contrary, the transmembrane pore radii decrease prominently during the entire simulation; particularly, the constriction zone at the level of six Asp2 side chains displays a diameter decreasing from 7 Å (in crystal structure) to about 4 Å (in final conformation) ( Fig. 7A ). Overall, the simulation on average suggests that the hemichannel Cx26 in neutral pH favors a partially "closed" conformation; in this state the constricted NTH of the pore provides a kinetic barrier to exchange of ions and metabolites between the cytoplasm and the extracellular phase. These results are supported by electron microscopic study of the Cx26 that revealed large densities in the pore at the level of the two membranes, which were interpreted as plugs blocking the hemichannel [19] .
The open state of the Cx26 hemichannel in the acidic condition
For the Cx26's pH elicited gating, little is known about the precise coupling between the protonation state and the conformational change. The protonation/deprotonation reaction at specific residues is probably rate-limiting and on the ms-to-s time-scale [34] : much slower than the time scales accessible by current MD simulations. Hence, we discard the slow chemical steps of protonation/ deprotonation. Here, we artificially perform an instantaneous pH change to compare with the neutral pH, by setting the charge state of the ionizable residues in the channel to their standard state at acidic pH.
In this simulation under the acidic condition, provided that the issue of the precise protonation state of all aspartate and glutamate residues at pH 4.0 is settled, we find that the hemichannel Cx26 displays a twist motion (~3°) similar to that in neutral state (Fig. S1 ). However, the unique behavior of NTH that protrudes into the pore and closes the channel in neutral state disappears. The pore radius profile depicted in Fig. 7B shows that the pore of extracellular and intracellular vestibules have a diameter similar to that of the neutral state of Cx26 (more than 16 Å diameter), whereas diameter of the narrowest pore region around Asp2 widens up to 9.5 Å (in final conformation) relative to the neutral state of Cx26 structure. The value of the pore radius at its narrowest part is even larger than the one observed in the original crystal structure (~7 Å). This result is supported by several recent experimental studies identified that direct hydrogen ion, pH as low as 4 or 5, did not cause channel closure [35] [36] [37] . However, different from the effect of direct hydrogen ion, CO 2 interacts directly with Cx26 probably through the formation of a carbamate on one or more amino groups of lysine residues, or even the N-terminal amino group by a labile covalent bond [38] . Such carbamate formation would alter the charge of these positively charged \NH 3 + groups to negatively charged \NHCOO\ groups [39] , thus resulting in the opening of Cx26 gap junctional channels. Interestingly, in our neutral simulation, Asp2 residue is deprotonated and becomes negatively charged, leading to the closure of Cx26 gap junctional channels. A closer look at the dynamics of the pore in simulation reveals that the protonated Asp2 does not maintain hydrogen bonds with Met1 from adjacent protomer (Fig. 6B) , releasing the restraints of six NTHs. The Met1-Asp2 residues from one protomer pointing to the neighboring NTHs form a circular girdle, maintaining the pore in the open conformation (Fig. 7B) . Together with the results in neutral state, this suggests that the concerted conformational changes of NTH (particular for protonation/deprotonation of the Asp2) are required for the successful passage of water and ions or metabolites through the hemichannel. Furthermore, it is worth noting that the widening pore of Cx26 in acidic state is still narrower than that of Cx32 which ranges from, 1.1 nm estimated by perfusion of polyethylene glycol probes [39] to, 1.5 nm estimated [40] based on cryoelectron microscopy data [41] . This is supported by the limiting pore width of connexin channels that is directly assessed by using sets of highly homologous uncharged molecules [42] . To understand what will happen if the pH is increased to a higher value, we performed one additional 70-ns simulation at pH 6.0, in which all Asp2 residues become deprotonated and all His100 at extracellular of TM2 are protonated. We observed a similar pore radius distribution to that under neutral state (Fig. S2) , confirming that the depronated Asp2 will constrict the pore.
Given the structure with a widened pore size in acidic state and with a narrowed one in neutral state, it is of interest to examine whether these conformations are capable of ion permeation. Rather than conducting ion-pulling simulations [43] , we directly observe ionic conduction in normal MD simulations. The results show that, on a 100-ns timescale, 8 Cl − ion permeation events take place in acidic state and 2 in neutral state. i.e., we can obtain the passage (or flow) rates of Cl − in acidic state 4 times over those in neutral state. From this result one can see that Cl − ion can enter the pore in neutral state with more difficulty than they do in acidic state. This low anion permeation in neutral state probably arises from two aspects: 1) the pore around Asp2 region favors a closed conformation in this condition (Fig. 6A) , presenting a kinetic barrier to the entry of water and ions into the channel from the cytosol; 2) the six Asp2, each with a negative charge (deprotonation) in this state, are incorporated as a negative potential at the channel entrance ( Fig. 6A) , preventing Cl − being accessible to the channel. While in acidic state, these kinetic and potential barriers are relieved due to the protonation of Asp2, thereby increasing the conductivity of anion. In summary, the conductivity of anion of Cx26 is sensitive to the protonation state of Asp2 inside the pore.
It is noteworthy that our predicted model that is permeable to anions (Cl − ) but not to cations (Na + ) in neutral simulation is consistent with the very recent study by Kwon et al. [44] . Both studies are inconsistent with the experimental results that the Cx26 appears to be permeable to both cationic and anionic tracers [45, 46] . The difference in permeability to Cl − and Na + is probably accounted for the fact that the protein is being posttranslationally modified within cells by lysine or Met-1 acetylation [44] . Closer inspection reveals that anions are attracted by the channel and bind close to the side chain of Lys41, which locates at the TM1/E1 boundary that has been suggested to be involved in voltage sensing [17] . The direct interaction between Lys41 residues and Cl − (about 10 ns) indicates that the lysine in each protomer probably serves as the selectivity filter or just a binding site for anions ( Fig. 8) .
Earlier simulations suggested that the water density in the pore can also be used as an indicator of the conductance state of the channel [26] . The time-averaged water density from both the acidic and neutral simulations is shown in Fig. 9 . The simulation under acidic Fig. 8 . Chloride ions bind close to the side chain of lys41. The top left picture is the top view of the whole structure of Cx26. Lys41 residues from C1, C4 and C5 are presented as licorice, two chloride ions are shown as brown spheres. The bottom left is the side view of the chloride ions and lys41 residues. The right picture is the enlargement for the structure of two chloride ions and three lys41. condition results in a higher water occupancy than in the neutral simulation. Furthermore, the water density volume displays a sharp constriction for water passage near NTH in both simulations. However, closer inspection of the trajectories reveals that the side chain orientations as well as the backbone conformations of Asp2 are different in the two simulations. In neutral simulation, the flow of water into the channel is restricted at this region, and only 8 water molecules pass this narrow pore region during the last 10 ns of the simulation. Whereas in acidic simulation, the expansion of this pore region facilitates the water molecules pass through the gate (15 water molecules during the last 10 ns of the simulation), suggesting that the constriction in neutral state has been partially removed by deprotonated Asp2 in acidic state. This observation confirms that the simulation samples an open state in acidic state, with a large and continuous water column enabling permeation of ions across the channel.
Implications for the mechanism of proton conduction
As mentioned in the Introduction section, the hemichannels can control an exchange of ions and metabolites between the cytoplasm and extracellular milieu and thus influence the spatial dissipation of intercellular ions and metabolites. Although it has been proposed that this modulation arises from direct protonation of connexin [47] , locating the channel gate(s) in hemichannel is still a challenging task, because experiments on mutation of histidine or methionine suggest a location at either the intracellular [11, 12] or the transmembrane domain of hemichannel [9] . To address this, we compare the pore radius profiles of Cx26 in the neutral and the acidic states. The overall shape of the pore profiles for both states of Cx26 reveals a significant barrier at the NTH of the channel, particularly for Asp2 residue, suggesting a putative channel 'gate' (Fig. 7) . Since the Asp2 residue in the Cx26 structure might function as a channel gate, we conduct another 70-ns simulation of Cx26 with all Asp2 mutated into Ala2 to further characterize whether mutation in Asp2 can alter the gating of the channel. We find that these mutations disrupt the original hydrogen bond network established between Asp2 and neighboring Met1, resulting in that the mutant channel has obviously larger pore radius of the constriction zone than those of wild type Cx26 protein (see supporting Fig. S3 ). These data indicate that the Asp2Ala mutations in Cx26 may have higher junctional conductances of mutant channels than those of their wild type counterparts, confirming the crucial role of Asp2 residues for the control of channel activity. Combined, the most important mechanistic insights gained from these simulations are that Cx26 has two different configurations: 1) the neutral state of Cx26 has a small, tightly closed pore around NTH region (average RMSF =~1 Å), particularly, this pore is clamped shut by interhelical interactions involving for Asp2; 2) the acidic state of Cx26 has a large, flexibly opening pore around NTH region (average RMSF =~3 Å).
Having established that the protonation of Asp2 can induce the channel conformation changes, it is interesting to infer the possible conductance mechanism by which gap junction channel regulates the transfer of various solutes, such as second messenger. Based on the simulation results, in addition to the physiological fact that pH b6.50 can induce electrical and biochemical uncoupling between cells [48] , Fig. 10 schematically outlines a model for the ion or metabolite conduction mediated by hemichannel. When one cell has a normal pH value of~7.2, the hemichannel in the membrane has a closed conformation which obstructs the exchange of ions or metabolites. However, when acid generation localized in this cell, Asp2 in the hemichannel exposed to the cytoplasm can be easily protonated, Fig. 10 . A proposed mechanism of H + transport cycle. The hemichannel in the membrane has a closed conformation in neutral state, which obstructs the exchange of ions. When acid generation localized in the cell, Asp2 in the NTH exposed to the cytoplasm can be easily protonated, thus leading to the opening of the pore around NTH, this opening conformation facilitates the flow of a proton to easily pass through the hemichannel into extracellular space. As much as H + ion transmission occurs, the cytoplasmic region becomes more alkaline. The increase of pH to normal physiological values makes the hemichannel revert to its initial closed conformation, which stops the H + transmission until eventually equilibrium is reached. thus leading to the opening of the pore around NTH, this opening conformation of the hemichannel facilitates the flow of an ion or metabolite to easily pass through the hemichannel into extracellular space, thereby providing a mechanism for spatially regulating ion or metabolites. Since gating is a reversible process and alkalinization rather than acidification reduces the junctional conductance of Cx26 hemichannels, the increase of pH to normal physiological values makes the hemichannel revert to its initial closed conformation, which stops the ion transmission until eventually equilibrium is reached. This model provides a preliminary conduction cycle of hemichannel, suggesting that the pH sensitivity of hemichannel permeability is a sophisticated mechanism for regulating cell signaling molecules, though more complex mechanisms involving cycling between protonation states with a net difference of a single proton are possible.
Intercellular signaling is one of the most essential properties of multi-cellular organisms. Gap junctions contain hundreds of cellular communication channels that allow the passage of molecules including ions and metabolites, nucleotides and small peptides. H + activation of junctional permeability may link increased ion activity to improved cell coupling, the better to meet mechanical demand. Notably, in normal cells, Cx26 channels close in response to acidification due to the effects of taurine or some other naturally occurring cytoplasmic aminosulfonate. So the effect of protonation of Asp2 that leads to an increase in the size of the pore will probably be masked by the effects of cytoplasmic aminosulfonates. However, neutralization of the negative charge of Asp2 will probably occur in some disease condition, which opens gap-junctional hemichannels. Therefore, mutation of residue Asp3 in either Cx43 [49] or Cx46 [50] (have a similar location to Asp2 in Cx26) probably has decreased conductance due to a severely reduced open probability, potentially explaining autosomal dominant inheritance of the disease [51, 52] . Furthermore, H + activation benefits for explaining that hypoxia and simulated ischemia can open gap-junctional hemichannels in neurons [51] and cardiac myocytes [52] , as these conditions motivate a decrease of pH i . Here, we do not exclude the existence of the other gating mechanisms in hemichannel, because connexins are thought to use several gating mechanisms such as the transjunctional voltage gating and loop gating [11] . In addition that the Asp2 residue functions as a chemical gate in this study, this residue has also been suggested as an electrostatic gate [9] , which is perhaps unique to the Cx26 gap junction channel.
Conclusion
The present work provides a possible atomistic model of the gating process for the human Cx26 gap junction channel, in which the NTH has the main role in sensing pH within the conductive pore and in forming the plug to close the pore. In neutral state, six NTHs distribute asymmetrically and they (C1 to C6) gather together through H-bonding networks, strongly suggesting that the cluster of the four NTHs can block the pore of Cx26 (less than 4 Å diameter). This process occurs very rapidly with an initial closure event on the 40 ns time scale. While in the acidic state, the protonation of the pore-lining residues Asp2 could potentially drive a conformational change that enables the Met1-Asp2 to lock in an "open" orientation while facing the hydrophilic pore (more than 9 Å diameter). This conformational change allows the channel to have a close-to-open transition, thereby providing a channel gating mechanism for the protein controlling ion permeation which is sensitive to the protonation state of Asp2 inside the pore. Furthermore, these structural and mechanistic insights may aid the design of new experiments relevant for elucidating the structure/function relationships in gap junction channels. It also probably guide the devise of novel mutants with impaired conducting as a tool for selectively knocking down or knocking out connexin function.
Materials and methods

Model preparation
In the most recent crystal structure of Cx26 (PDB code 2ZW3 at 3.5 Å resolution) [9] , the whole structure of each protomer-except for residues 1, 110-124 and 218-226 that correspond to most of the cytoplasmic loop and the carboxy-terminal segment, respectivelywas success fully modeled in electron density maps. In the present work, initially, we added a single Met to the N-terminus assuming α-helical backbone torsion angles. Then, the missing TM2-TM3 loop is reconstructed using the loop-building algorithm implemented in the Biopolymer module in Sybyl 6.9 package (Tripos Associates, St. Louis, MO). We have selected the loop structure with the lowest predicted energy. Thirdly, the missing C-terminal segment of TM4 is assumed to adopt an α-helical structure. Finally, the missing hydrogen atoms, and side chains in the crystal structure (Fig. 1 , the cartoon highlighted in red) were reconstructed in stereochemically preferred conformations. In order to assign standard protonated states for pH 4.0 to all acidic side chains, we calculate the pKa for Cx26 by using the program H++ [53] , in which the calculations are based on the standard continuum solvent methodology [54] , within the frameworks of either the generalized Born (GB) or the Poisson-Boltzmann (PB) models. It has to be emphasized that this protonation state at pH 4.0 should be considered as a working hypothesis but is in no way a resolved issue. We are still unsure about the right protonation state at acidic pH and this problem requires refined methods to predict side-chain pKas for membrane proteins in their native environment [24] . Then Cx26 protein was embedded into a fully equilibrated palmitoyloleoylphosphatidylcholine (POPC) lipid bilayer. The final simulation system consisted of 500 POPC molecules, 102,330 SPCE water molecules and 397 Na + and 451 Cl − (pH 4.0)/486 Cl − (pH 4.0). In both simulations, the net charge of the system was neutralized with counterions, achieving a salt concentration of 0.15 M.
Molecular dynamic simulations
Molecular dynamics simulations were carried out using the GRO-MACS 4.0 MD package [55] applying periodic boundary conditions. The protein and lipids were represented using the CHARMM27 force field [56] with CMAP corrections [57] , whereas water was described with the SPCE model [58] .The bond lengths were constrained using the LINCS [59] . Short-range non-bonded interactions were calculated using a cutoff distance of 10 Å, and long-range electrostatic interactions were calculated using the particle mesh Ewald (PME) method [60] .The integration time-step was set at 2 fs. For all simulations, the temperature was set at 300 K with Berendsen coupling [61] . The pressure was controlled by the Berendsen barostat at 1 atm with the independent (semiisotropic) coupling in the xy and z directions.
Cross-correlation analyses
In the present analysis, the extent of correlated motions between residues is represented by the magnitude of the corresponding correlation coefficient between their Cα atoms. The cross correlation matrix (C ij ) of the atomic displacements of atoms i and j is given by:
where r i and r j are the positions and r i and r j are the mean positions of atoms i and j. The angle brackets denote an ensemble average. The cross correlation was calculated as block average over time from 30 to 100 ns from the MD trajectory. Positively correlated residues move in the same direction, while (negatively) anti-correlated residues move in the opposite direction.
